The work described here concerns the electrochemical coagulation of effluents obtained in a surfactant-aided soil-remediation processes, in which phenanthrene was extracted from a clay soil using a sodium dodecyl sulphate solution as the solubilising fluid. The results show that the efficiency of the processes is largely influenced by the electrode materials employed in the electrocoagulation process and also by the initial pH of the treated effluents. Different cases have been studied, including synthetic effluents from soil-washing and electrokinetic soil-flushing. This technique is particularly effective in the treatment of the strongly acidic effluents arising from electrokinetic surfactant-aided soil-flushing of polluted soils using aluminium electrodes (anodes and cathodes). Under these conditions, in addition to a high level of pollution removal, this technology provides a significant reduction in the conductivity and partial neutralization of the effluent.
INTRODUCTION
The current problems associated with soil and groundwater contamination have led to significant progress in the technologies for soil decontamination. For the particular case of soils polluted with hydrophobic organic compounds (HOCs), the technologies based on the use of washing or flushing fluids are becoming increasingly important. These technologies allow the transfer of organic pollution contained in the soil to a liquid phase that can later be treated with an efficient wastewater treatment technology. These approaches are commonly known as surfactant-aided soil-remediation processes (SARS), although three different cases can be discerned depending on the way in which the pollutants are extracted from the soil. The first case corresponds to surfactant-aided soil washing processes (SASW) [1] [2] [3] [4] , which involve ex situ washing of soils with an aqueous surfactant solution with the aim of enhancing the water solubility of the HOCs and the formation of O/W emulsions with micro-drops of HOC. The second case, surfactant-aided soil flushing (SASF), is based on dragging of pollutants through the soil by the movement of a flushing fluid. Two different technologies can be distinguished within this area: conventional soil flushing (SASCF) [5] [6] [7] [8] [9] [10] and electrokinetic soil flushing (SASEF) [11] [12] [13] [14] [15] . The main difference between these approaches is the driving force, which in the first case is the pressure gradient between the injection site of the flushing fluid and the fluid extraction site, and in the second case is a voltage gradient between rows of electrodes located in electrolyte wells in the soil.
In all three treatments, the effluents produced had the same composition, i.e. the O/W emulsion polluted with micro-drops of HOC and particles of soil. However, the physico-chemical properties of the effluents were different. In SASW and SASCF, the pH, conductivity and certain other parameters are defined by the nature of the flushing fluid, while in the SASEF, the effluents obtained show a marked change in pH and a significant increase in conductivity. At this point, it is important to remark that the points of extraction of contaminants in electrokinetic flushing processes are the electrodes, in which electrolysis occurs independently of the nature of the flushing fluid.
This fact has a great influence on the selection and performance of subsequent wastewater treatment.
Therefore, this type of effluent is quite complex and difficult to treat by conventional wastewater treatment methods. Several researchers have worked to develop methods suitable to treat these effluents and these approaches include advanced oxidation [16] [17] [18] , coagulation technologies [19, 20] , electrochemical oxidation [21] [22] [23] and even combinations of biological treatments [24] [25] [26] with some of the previously listed technologies. At present, one of the most relevant technologies for the treatment of O/W emulsions is electrocoagulation or electrochemically assisted coagulation [27] [28] [29] , although it is important to point out the lack of works focused on the use of this technology to treat SASW and SASEF effluents. This method involves destabilization of the micro-drops of organic materials by the action of a chemical reagent generated by electrodissolution of the anodic material (usually iron or aluminium) in an electrochemical cell. This process leads to the break-up of the emulsion and the formation of two phases that can be easily separated. The effectiveness of this technique depends on the coagulant species that are present in the system, and these species also depend on the pH of the matrix [30] .
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Taking this situation into account, the objective of the work described here was to study the electrocoagulation process for the treatment of effluents generated by SASW and SASEF of clay soil polluted with PAH. SASW and SASCF effluents are slightly alkaline while SASEF effluents are very acidic. In this study two partial objectives were set: firstly, to compare the effectiveness of the electrocoagulation process in the treatment of effluents arising from different remediation process and, secondly, to determine the best electrode materials in an electrocoagulation cell by studying three different electrode pairs: (anode/cathode) Aluminium/Aluminium, Iron/Aluminium, and Iron/Iron.
EXPERIMENTAL
In this work, kaolinite was selected as the model for a clay soil. This material is not reactive and it has a low hydraulic conductivity, low cation exchange capacity and zero organic content. The physico-chemical properties of this soil are shown in Table 1 .
Phenanthrene (PHE) (97%) was selected as a model PAH and this compound was obtained from Merck. Sodium dodecyl sulphate (SDS) was used as a solubilising agent and this compound was obtained from Panreac. Sulphuric acid (96%) was obtained from Panreac.
Preparation of simulated soil.
Samples of polluted soil were prepared by dissolving phenanthrene in acetone and then mixing this PHE/acetone solution with kaolinite. The spiked clay was aerated during one day to favour evaporation of the acetone and, in this way, the PHE was 5 homogeneously distributed on the clay surface. This method has been described in the literature by different authors [22, 23, 31] . The resulting PHE concentration in the soil was around 500 mg kg -1 soil.
Preparation of simulated effluent.
The preparation of surfactant-aided soil-remediation process effluents (SASREs) was carried out in a stirred bench-scale tank operated in discontinuous mode. The tank volume was 2000 cm 3 . Low-permeability soil (135 g) polluted with 500 mg PHE kg -1 of soil and 1800 cm 3 of solubilising agent (containing deionised water and 10 g dm -3 of surfactant) were mixed in the reactor for 6 hours at a stirring speed of 120 rpm [32] . The same tank then acted as a settler (during 24 hours) to separate the soil from the effluent.
These effluents consisted of aqueous mixtures of phenanthrene and surfactants with a very high COD. At this point, the pH was modified with sulphuric acid to produce the simulated SASEF effluent. The properties of effluents are shown in Table 2 .
Electrocoagulation of synthetic electrokinetic remediation wastewater.
The electrocoagulation experiments were carried out in a bench-scale plant with a single-compartment electrochemical flow cell, as described in previous works [27] [28] [29] .
Aluminium and iron electrodes were used as anodes and cathodes depending on the electrode configuration selected. Both electrodes were square in shape (100 cm 2 ) and the electrode gap was 9 mm. The electrical current was applied using a DC Power 
Analyses.
The removal of pollution from effluents was monitored through the chemical oxygen demand (COD) using a HACH DR2000 analyzer. Zeta potential was also measured for the clarified liquid using a Zetasizer Nano ZS (Malvern, UK). The turbidity was measured on a 115 VELP SCIENTIFIC turbidimeter, using the Nephelometric Method [33] . This instrument measures the intensity of light scattered 90 degrees from the path of the incident light.
The phenanthrene concentration in the liquid phase was determined using an L-L extraction process. This process was carried out in bottles (100 dm 3 ) using hexane as the solvent (ratio PHE solution/solvent = 0.22 v/v). Both phases were slowly stirred in an orbital shaker (100 rpm) during 5 h (operation time required to attain the steady state).
In both cases, the concentration of phenanthrene in the resulting liquid extract phase was determined by UV-visible spectrophotometry (Shimadzu UV-1603). The characteristic absorbance peaks of phenanthrene in the UV-visible spectrum were at 346, 338 and 330 nm. The absorbance at these three wavelengths was used to quantify the phenanthrene concentration. The standard deviation of this determination is less than 5%. In this respect, the supposed complexity of the system required a study into the typical performance of the process. Thus, the process performance is summarized in Figures 1 to 3 for the electrocoagulation of a SASRE with an electrochemical cell equipped with aluminium anodes and cathodes at three different initial pHs. The first pH was slightly alkaline in an effort to reproduce the waste obtained in a typical soil washing process (SASW) (in fact, this was the raw effluent obtained in an actual soil washing process) and the second was acidic in an attempt to simulate the strongly acidic conditions found in the anodic wells during an electrokinetic soil flushing process (SASEF). At this point, it should be borne in mind that the negative charges of the phenanthrene-surfactant 8 micro-drops favour their accumulation in the anodic wells in electrokinetic soil flushing processes, where the resulting wastewater could be easily collected and treated in an onsite electrocoagulation unit. The resulting wastewater was very acidic as a result of the water oxidation process, which is known to be the main electrochemical reaction that takes place on the surface of the anodes during an electrokinetic process with inert electrodes.
The turbidity and COD profiles during the three electrolyses are shown in Figure 1 .
Turbidity was used to monitor the removal of colloidal particles of clay dragged through during the washing of the soil. In all experiments, the general trend is the depletion of this parameter down to values close to zero. Although there is a significant removal at long reaction times, and results at this point are similar, the time-course of the turbidity during the three experiments is very different. In the strongly acidic media there is a continuous decrease in the turbidity, while in the other two cases there is an initial stage in which not a decrease but an increase is observed, possibly due to precipitation of coagulant species. This is followed by a second stage at higher electric current charge passed, in which turbidity decreases continuously down to the same value observed in the first case. This observation can be explained in terms of a different coagulation mechanism. In the first case, a very efficient charge-neutralization mechanism explains the rapid removal of turbidity. In the other two cases, however, a less efficient enmeshment coagulation mechanism provides an explanation for the experimental observations.
A different trend was observed for the break-up of the O/W emulsion (arising from the action of the surfactant on the phenanthrene during the production of the SASRE) and 9 for the consequent removal of organics. In all cases, there was a continuous decrease in the COD concentration, but the rate of removal depended strongly on the initial pH.
Under strongly acidic conditions, the COD decreased sharply down to values close to zero while under slightly alkaline conditions the process became less efficient as a slight decrease in COD was observed down to a value close to 60% of the initial COD. This finding suggests the existence of two coagulation mechanisms, with the acidic conditions consistent with a charge-neutralization mechanism and the alkaline conditions with a less efficient enmeshment coagulation mechanism, as previously suggested for the removal of the colloids in the same SASRE. The electrocoagulation at the intermediate pH shows a midway trend, with an initial sudden drop and a subsequent slight linear decrease. This result can be explained in terms of the mixed coagulation mechanisms previously described (enmeshment and neutralization). The zeta potential profile also lends support to this model ( Figure 2 ). Strongly acidic media led to a rapid increase in zeta potential up to the isoelectric point, an observation that is characteristic of a neutralization mechanism. In the other cases, the zeta potential increased slightly with electric current charge but the isoelectric point was not reached.
The latter observation is characteristic of an enmeshment mechanism.
The results described above show that the best pH conditions to treat SASRE effluents by electrocoagulation involve strongly acidic conditions, i.e. the conditions found in SASEF. In addition, this treatment has two advantages in cases where the initial pH is acidic: a significant reduction in conductivity and the neutralization of effluent pH, thus making this treated wastewater more environmentally friendly (Figure 3 ).
Effect of the electrode material on the efficiency of the electrocoagulation process.
One important aspect in the study of the electrocoagulation of SASRE is to clarify the role of the electrode material. Although iron and aluminium electrodes produce trimetallic cations during their electrochemical dissolution, the resulting speciation [34] is very different and one would expect the coagulation mechanisms to differ when the coagulants interact with pollutants. In addition, the effect of the pH on the chemical dissolution of aluminium is very important, and under alkaline pH values a significant concentration of aluminium is observed even when it is employed as a cathode in an electrocoagulation cell [35, 36] . The highly alkaline pHs obtained close to the cathode surface (due to water reduction) promotes this process. This effect is not significant for iron, which is known to behave as an inert cathode material in electrocoagulation processes.
In order to assess this influence, several electrocoagulation experiments were carried out using three different electrode combinations in an effort to elucidate the effect on the The effect on the turbidity removal is represented in Figure 4 . It can be observed that iron had a negative effect on the results as compared with aluminium, and the best 11 results were found when the anode and the cathode were made of aluminium and, in particular, when a very low pH was maintained during the experiment. This finding suggests that charge neutralization mechanisms (i.e. those promoted under these conditions) encourage the removal of the drawn soil whereas enmeshment to grow precipitates, which is the most important mechanism for iron, is not a good choice in this application, even in combination with aluminium (used as a cathode). This situation was clearly explained in previous publications by our group [37, 38] , in which the electrolyses of kaolin suspensions with both electrodes were studied in synthetic wastewaters and where the different mechanisms involved in the removal of colloids were demonstrated.
The COD removal is represented in Figure 5 . Once again, the cell equipped with the aluminium anode and cathode gave the best results and the pH was a critical parameter, with the process being very efficient under very acidic conditions. This means that electrocoagulation could be a reference technology in the treatment of effluent from SASEF, because the SASRE is collected in the electrolyte wells at low pH and, in particular, in the anolyte wells (where negatively charged surfactant micro-drops are collected) the pH is extremely acidic. In this case, the combined effect of iron and aluminium dissolution does not improve the process and even has a detrimental effect on the separation results. Hence enmeshment mechanisms are not beneficial for this process.
The last important parameter to consider when comparing the influence of the different electrode materials on the efficiency of the electrocoagulation process is the effect on the conductivity of the electrochemical dosage of reagents. This parameter is represented in Figure 6 for the experiments reported. An increase in the conductivity is frequently observed in coagulation processes. However, one of the most important advantages of electrocoagulation is the decrease in the conductivity usually obtained during the electrochemical dosing of the reagent. This phenomenon is clearly observed Figure 6 , where an increase in the conductivity is observed only in the experiments at slightly alkaline pH while the experiments at acidic pH show a significant decrease in this parameter. This finding is important because the quality of the treated waste depends not only on the removal of pollutants but also on a low conductivity. In addition, in this case the pH seems to make an important contribution as the decrease in conductivity is more marked for strongly acidic pHs. Once again, the electrode pair Al/Al gave the best removal results and, hence, this combination must be recommended for the treatment of effluents arising from SASEF. Figure 8 
